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concert with their regulators Cdc42, polyphosphoinositides, WASP-interacting protein (WIP 1 ), SH3 domain proteins, and Profilin (reviewed in Refs. (17, 18) ). The small GTPase Rac induces the formation of actin-driven lamellipodial protrusions that are associated with translational locomotion. On the molecular level, Rac activation promotes actin polymerization via a variety of effector proteins (for a review see Refs. (19, 20) ). Thus, stimulation of phosphatidylinositol-4-phosphate 5-kinase and subsequent PIP 2 -dependent barbed end uncapping is followed by extension of existing actin filaments or those created by fragmentation. Rac is also linked to the WASP/Scar protein WAVE through its interaction with IRSp53 1 (21) . IRSp53 is an adapter protein that binds via its SH3 domain containing C-terminal part also to Mena in a probably Cdc42 regulated fashion (22) . Other important mediators of various Rac effects are the p21-activated kinases (PAKs 1 ). They bind GTP-Rac at their CRIB 1 (Cdc42/Rac interactive binding) motif in an adhesion dependent manner (23, 24) .
Moreover, PAKs can be activated by GTP-loaded Cdc42 and through a variety of pathways originating from growth factor receptors, G-protein coupled receptors, and integrins (for a review see Ref. (25) ). PAK regulates myosin light chain phosphorylation via myosin light chain kinase (26) and direct phosphorylation (27) . In addition, PAK activates LIM kinase (LIMK) by phosphorylation of a threonine residue in the activation loop (28, 29) . When activated by PAK or Rho-associated protein kinase (29) , LIMK phosphorylates and inactivates ADF 1 /Cofilin, which results in actin filament stabilization (reviewed in Refs. (28, 30) ).
Here, we show that in VASP deficient murine fibroblasts the Rac/PAK pathway is activated and cells are highly spread, despite normal expression of Mena and Evl.
In addition, VASP-deficient cells show compromised motility and reorientation. Our results demonstrate an unexpected functional link between VASP and small GTP- 
Northern Blotting
Northern blots (Formaldehyde-Based System Northern Max; Ambion) were done according to the manufacturer's instructions. After transfer, nylon membranes were crosslinked (Stratalink, Stratagene), prehybridized with DIG Easy Hybridization Buffer (Roche) at 50°C for 30 min, and hybridized over night at 50°C with 5 Pl of probe in 10 ml of DIG Easy Hybridization Buffer. Probes for Evl and GAPDH 1 were obtained by 7 and twice with 0,1 x SSC, 0,1% SDS for 15 min at 68°C. The DIG Detection System (Roche) was used for detection.
Isolation of wild type and VASP-deficient cells.
Murine cardiac fibroblasts were prepared from knock-out and wild type strains (14) essentially as decribed (32) : Two 3-months-old mice from each strain were treated with 100 mg/kg Ketamin, 10 mg/kg Xylacin, and 1 ml/kg Heparin. The hearts were excised, submerged in cold PBS and cut into pieces with a tissue chopper. The pieces were washed with Earl buffer and cells were dissociated with 1 mg/ml Collagenase/Dispase. After 30 min at 37°C tissue pieces that had sedimented were discarded and the supernatant, containing the isolated cells, was centrifuged at 800 x g for 5 min. Cells were resuspended in DMEM, 10% calf serum and transferred to a 25 cm 2 culture flask. Every 3 days, the cells were trypsinized (0.1% trypsin), counted
(CASY ] 1 cell counter, Schärfe System), and transferred to a new flask at a density of 5x10 3 cells/cm 2 . After 3 to 4 weeks in culture, the isolated cells were spontaneously immortalized. Mesangial cells were prepared essentially as described (33) .
Two-Dimensional gel electrophoresis. Cells were harvested in Laemmli SDSsample buffer and proteins were precipitated with chloroform/methanol as described (34) . Isoelectric focussing for two-dimensional gel electrophoresis was performed using the Protean ] IEF cell from Biorad according to the manufacturer's instructions. the GST-PBD construct coupled to GSH-sepharose beads, washed and analyzed as described above. The pulled down material and aliquots of the supernatants were analyzed to check for the efficiency of the method.
Wound-healing Assay. Cells were seeded on glass cover slips or in 25 cm 2 culture flasks and were grown until confluence in DMEM supplemented with 10% calf serum.
The monolayer was scratched with a sterile pipette tip. Pictures were taken directly after scratching and 15 h later. In some experiments, cells were recorded by time lapse video microscopy. (Fig. 1 ). This is in accordance with data on Mena and Evl expression in other VASP(-/-) tissues (13, 14) . Evl expression appeares to be very low both in mouse cardiac fibroblasts ( Fig. 1 B) and total mouse heart (13,14). (Fig. 1 A) . Both, with respect to the cell morphology and cell area, RecVASP cells behaved like wild type cells ( Fig. 2 C, D-F) . Individual clones isolated from these RecVASP cells showed gradually decreased propensities of lamellipodia formation, which paralleled increasing levels of VASP expression (Fig. 4) . Therefore, we conclude that VASP expression down-regulates excessive cell spreading. within one additional minute returned to levels of unstimulated controls or even below. All these cell lines expressed similar amounts of Rac, confirming that we observed an enhanced activation of the small GTPase rather than increased expression levels of the protein. These data, together with the morphological differences described above, strongly suggest that VASP is involved in the regulation of Rac activity.
PAK is activated in VASP(-/-) cells
PAK appears to be a central element in pathways that lead to cell spreading, since it functions both as a direct target of activated Rac and Cdc 42 and as an upstream activator of Rac (42) . Therefore, in order to assess activation of this signaling pathway in more detail in MCFB cells, we also analyzed PAK activation.
Upon interaction with their activators, PAKs undergo autophosphorylation at multiple sites (43) . One of these sites, which is involved in substrate recognition (43) , is fully Analysis using an antibody directed against this phosphorylated autophosphorylation site showed that wild type cells displayed a transient PAK phosphorylation ceasing within about 5 min of FCS stimulation, whereas a profound and more sustained elevation of phospho-PAK was observed with VASP (-/-) MCFB (Fig. 6 A) . In another (Fig. 6 B) .
In conclusion, not only morphological data, but also two lines of biochemical evidence indicate that the Rac/PAK pathway is activated in MCFB cells in the absence of VASP.
Reorientation and motility of VASP(-/-) cells are impaired in a wound healing assay
The Rac/PAK pathway is known to play an essential role in cell motility (19, 20, (38) (39) (40) . Therefore, we tested whether cell motility of VASP deficient cells was affected in a wound-healing assay.
< Fig. 7 To this end, cells were scratched off of a confluent cell layer to allow cells next to the scratch area to migrate into the empty space. Pictures of the cells were taken immediately after scratching (Fig. 7 A-C) and 15 hours later (Fig. 7 D-F ). Twelve to 15 h after scratching, VASP(+/+) cells in the outermost cell row were mostly orientated parallel to the wound (Fig. 7 D/D' ), whereas VASP(-/-) cells after 15 h were perpendicular to the wound (Fig. 7 E/E'). This obvious difference in the orientation of the cells could be reverted by reintroducing VASP into VASP(-/-) cells (Fig. 7 F/F' ).
The orientation of stress fibers coincided with that of the cells (data not shown).
Using time lapse microscopy, the wound-healing assay was analyzed in more detail (44, 45) . In MCFB cells, similar to various mouse tissues (13, 14) , expression of Mena and Evl did not change in response to ablation of the VASP gene (Fig. 1) In apparent contrast to our observations, a line of Mena/VASP double knockout cells has been reported to show increased random motility (15) . However, these data may be reconciled if the adhesive phenotype found in VASP(-/-) cells is less pronounced in these double null cells. Then, Rac/PAK pathway activation (desuppression) is likely to result in an increased plasma membrane protrusive activity and a concomitant increase in random migration, as it has been observed by Bear and colleagues (15) .
In conclusion, our present data strongly suggest that the concept of classifying Ena/VASP proteins either as promoters or inhibitors of actin-based motility is oversimplistic and needs to be reconsidered. Thus VASP appears not only to regulate various aspects of actin filament formation and architecture (3), but also modifies Rac/PAK pathway signaling and, as a consequence, cell motility and polarization. 
